A genome-wide linkage scan was conducted in a Northern-European multigenerational pedigree with nine of 40 related members affected with concomitant strabismus. Twenty-seven members of the pedigree including all affected individuals were genotyped using a SNP array interrogating . 300,000 common SNPs. We conducted parametric and non-parametric linkage analyses assuming segregation of an autosomal dominant mutation, yet allowing for incomplete penetrance and phenocopies. We detected two chromosome regions with near-suggestive evidence for linkage, respectively on chromosomes 8 and 18. The chromosome 8 linkage implied a penetrance of 0.80 and a rate of phenocopy of 0.11, while the chromosome 18 linkage implied a penetrance of 0.64 and a rate of phenocopy of 0. Our analysis excludes a simple genetic determinism of strabismus in this pedigree.
Introduction
In Caucasians, an estimated 2-4% of the population suffers from non-syndromic misalignment of the eyes, also referred to as squint or strabismus. A heritable component of predisposition to strabismus had been suspected since antiquity, and is supported by (i) a higher concordancy rate amongst monozygotic (73%) than dizygotic (35%) twins, (ii) familial clustering (manifested as an increased in the incidence of strabismus in relatives of affected individuals), as well as (iii) markedly different incidences of strabismus between racial groups [1] .
However, with the exception of Mendelian forms of incomitant strabismus including Congenital Fibrosis of the Extraocular Muscles (CFEOM) and Duane Retraction Syndrome (DRS), the molecular causes of strabismus remain largely unknown [1] [2] [3] . Linkage and association scans have been conducted for the more common concomitant forms of strabismus, yielding replicated evidence for only one risk locus (STBMS1) on chromosome 7p. However, the most likely mode of inheritance differed between the two reports, and STBMS1 only accounted for the segregation of the condition in a minority of families [4] [5] [6] [7] . Concomitant strabismus thus appears to have a complex, multifactorial determinism. Whether inherited predisposition to strabismus reflects the cumulative effect of common risk alleles that individually confer very modest increases in relative risk, or whether rare but highly penetrant alleles might account for at least part of familial clustering remains unknown.
Results
We identified a multigenerational pedigree with an unusually high incidence of convergent strabismus (Fig. 1) . Eight of the 40 related members of the family were born with non-syndromic concomitant esotropy, while one developed similar symptoms at the age of five (III.9). The nine affected individuals underwent one or more surgical corrections before the age of six. The observed segregation pattern was compatible with autosomal dominant inheritance with incomplete penetrance: (i) both sexes were affected (two men, seven women), (ii) affected offspring generally had one affected parent, and (iii) the proportion of affected offspring from affected parents did not deviate significantly from 50% (6/17). Under this model, two asymptomatic individuals would be obligate carriers: (i) grand-father II.5 who transmitted strabismus to his two daughters, and (ii) one of the grand-grandparents (I.2 or I.3) who transmitted the hypothetical mutation to two of their three sons. It is noteworthy that there was no recorded history of strabismus in other relatives of the grand-grand-parents (generation I). Taken together, these observations suggested that the high incidence of strabismus in this family might involve a highly penetrant, dominant mutation tracing back to one of the grand-grand-parents.
To test this hypothesis we collected samples of saliva from 27 of the family members with full consent, extracted genomic DNA, and performed genome-wide SNP genotyping using Illumina HumanCNV370-Quad HD Infinium arrays. We excluded 48,560/357,946 SNPs with call rate , 26/27 (96%). Analysis of the retained SNP genotypes confirmed all presumed familial relationships (data not shown).
The most parsimonious hypothesis predicts that an identical-bydescent (IBD) chromosome segment encompassing a dominant mutation, will be shared by the nine affected individuals and obligate carrier II.5, while it will not have been transmitted to any of the remaining unaffected relatives. Given the available samples, such hypothetical opposite segregation distortion (mutation transmitted by heterozygous parent to 9/9 cases, 1/1 obligate carrier and to 0/9 unaffected relatives) would yield genome-wide significant non-parametric and parametric p-values of 3.0610 25 and 7.6610 25 (corresponding to parametric and non-parametric lod scores of 3.8 and 3.4), respectively (see Methods). Thus, the studied pedigree provides adequate power to detect such highly penetrant dominant mutation if it exists. However, relatives other than II.5 may have inherited the mutation without being affected. Moreover, strabismus being a relatively common condition, some pedigree members may be affected without having inherited the hypothetical mutation that would explain the high incidence of strabismus in this family (whether due to distinct genetic or nongenetic factors). Thus, we allowed for (i) incomplete penetrance and (ii) phenocopies in our analyses.
As the linkage signal is expected to accrue primarily from haplotype sharing amongst cases, we first scanned the genome for Figure 1 . Multigenerational pedigree with convergent strabismus. Individuals for which DNA samples could be collected are represented in blue when unaffected and in black when affected. Assuming that all cases in the pedigree share an identical-by-descent (IBD) autosomal dominant mutation (i) one of the two grand-grand parents (individuals I.2 or I.3) has to be at least germ-line carrier as indicated by the black dotted lining, and (ii) grand-father II.5 is obligate carrier as indicated by the black lining. Under the same hypothesis, the parental origin of the mutation can be determined for all cases of generation III or IV as indicated by the red (maternal origin) or blue lining (paternal origin). The numbers within the symbols indicate the number of IBD risk haplotypes carried by the corresponding individual for the six putative loci, which are described in Table 1 Having identified the most promising regions, we computed local p-values/lod scores, yet this time including information from the 12 unaffected relatives in addition to the nine cases plus individual II.5. Within each of the six regions we identified the chromosomal position (determined by the location of cross-overs in gametes transmitted to non-affected individuals -non-affected individuals may have inherited part of the segments shared IBD by the cases) that yielded the lowest p-values/highest lod scores (Table 1) . Threshold p-values/lod scores to declare significant (expected ones per twenty genome scans) and suggestive linkage (expected ones per genome scan) were empirically determined to be 1.5610 24 (z sig = 3.1) and 1.4610 23 (z sugg = 2.2), respectively (see Methods), very similar to the z sig = 3.3 and z sugg = 1.9 thresholds recommended by Lander & Kruglyak (1995) . Thus, none of the six regions exceeded the significance threshold, but two (HSA8 and HSA18) approached suggestive evidence for linkage (Table 1) .
We were struck by the fact that for five of the six loci identified on the basis of haplotype sharing amongst cases/obligate carrier, the risk haplotype was under-transmitted by carrier parents to unaffected offspring (Table 1) . When pooling data across the six loci, the risk haplotype was transmitted 20 times and nontransmitted 36 times (p = 0.03). This observation suggested that several of the identified loci might jointly influence disease outcome. One testable prediction of this oligogenic model is that the probability of transmission of risk haplotypes from the different loci to unaffected offspring will not be independent: there will be fewer unaffected individuals having inherited the risk haplotype at multiple loci than expected by chance alone. From the 12 unaffected offspring (not including II.5), none had inherited more than three risk haplotypes, three had inherited three risk haplotypes, three two risk haplotypes, five one risk haplotype and one none (Fig. 1 ). We performed a permutation test to verify whether unaffected individuals with more than three risk haplotypes or with three or more risk haplotypes were significantly underrepresented. For each of the six putative risk loci, we randomly permuted the transmitted haplotype (risk or not) amongst unaffected individuals (hence conditioning on the observed segregation distortion), and counted the proportion of permutations characterized by individuals with more than three risk haplotypes, or by more than three individuals with three or more risk haplotypes. Unaffected individuals with six risk haplotypes were observed in 0.3% of permutations, with five or more risk haplotypes in 8.3% of permutations, with four or more risk haplotypes in 51% of permutations. Permutations with more than three individuals with three or more risk haplotypes were observed in 58% of permutations. Thus this analysis did not yield evidence for a statistically significant under-representation of unaffected individuals with $ 3 risk haplotypes (p = 0.42).
Discussion
The unusually high incidence as well as the clinical homogeneity of strabismus in the analyzed pedigree suggested a simple genetic determinism. The conducted genome scan essentially excluded the only hypothesis that could reasonably be tested in this single family, i.e. the segregation of a single, autosomal dominant, highly penetrant IBD mutation. Our results are reminiscent of previous reports in large families with multiple affected individuals [4] , and add to the evidence of a complex determinism of nonsyndromic, concomitant strabismus. We cannot exclude the possibility that two distinct, highly penetrant mutations are underlying strabismus in the two branches of the pedigree (i.e. descendants of individual II.1 versus descendants of individual II.5), which might explain the fact that II.5 is not affected. To the best of our knowledge, however, strabismus is not reported in close relatives of individual II.6. The pedigree was too small to directly test this hypothesis in a meaningful way.
We nevertheless show that two genomic regions come close to reach statistical evidence for suggestive, mapping respectively to 18p11-12 and 8q21. The 18p11-12 signal corresponds to the only region of the genome for which the nine affected individuals and the obligate carrier (II.5) share a clear IBD haplotype. The shared segment spans 18.3Mb, a size which is consistent with expectation (20cM) for a chromosome segment encompassing a hypothetical causative mutation shared by the nine cases and the obligate carrier (II.5). The recombination events defining the boundaries of that segment occurred independently in gametes transmitted to individuals IV.11 and IV.22, respectively. However, the same haplotype was transmitted by carrier parents to five of 13 unaffected offspring, implying a penetrance of only 0.64. We note that the region maximizing the penetrance (10.667.992-11.035.805) contains microsatellite marker D18S464 yielding a non-parametric lod score of 1.34 in the affected sib-pair genome scan conducted by Fujiwara et al. [5] . Interestingly, the corresponding region contains a single large gene coding for the PIEZO2 protein, which plays a role in adapting mechanically activated (MA) currents in somatosensory neurons [8] .
The 8q21.2-3 region encompasses a haplotype shared by all but one affected individual (IV.26), implying a phenocopy rate of 0.11, and transmitted only to one of nine unaffected offspring of carrier parents (III.1), implying a penetrance of 0.80. However, the haplotype shared by affected individuals spans only 3.2 Mb which is nearly outside the 95% CI of the size expected for a segment encompassing a causative mutation shared by nine of the ten cases in the considered family. Moreover, the recombinational events defining the boundaries of the shared haplotype occurred in gametes transmitted by the unidentified carrier grand-grandparent to grand-fathers II.1 and II.5 (either a double recombination event in one of the gametes or two single recombinational events). An alternative explanation would be that the haplotypes inherited by II.2 and II.5 derive from distinct homologues in generation I that happen to share a track of extended identity in the region, a phenomenon which is know to occur at appreciable frequency even for distantly related chromosomes [9] . If true, this would considerably weaken the evidence implicating this region in the determinism of strabismus in this family. We note that Shaaban et al. [6] report suggestive evidence for linkage (z # 2.8) under a dominant model at location 8q24.21. However, microsatellite marker D8S284 adjacent to the linkage peak is located at ,42 Mb from the interval defined in this study making it unlikely that both signals share a common determination. The 3.2 Mb interval encompasses 18 annotated genes, but no obvious candidate.
Five of the six haplotypes that were identified on the basis of their over-transmission to affected individuals, tended to be undertransmitted to non-affected individuals. This is not expected if at most one of the six identified loci is real (as expected under a monogenic model). Hence, this suggested that the genetic determinism of strabismus might be oligogenic in this pedigree, simultaneously involving several of the identified loci. An independent prediction of this model is that the distribution of the number of risk haplotypes inherited by non-affected individuals should be shifted towards lower values, above what is expected as a result of the under-transmission of the risk haplotypes to non-affected individuals. We have applied a permutation test to evaluate this hypothesis, yet have not found a significant deviation from expectation. It is noteworthy, however, that the power to detect such a shift if it existed was low given the limited sample size available.
The identification of extended haplotypes shared between oras in this work -within families as a means to map disease-causing mutations has been explored and utilized by others [10] [11] [12] [13] . This way of analyzing pedigree data is becoming increasingly relevant as dense SNP arrays are becoming the genotyping method of choice. It is paradoxical however that -as information content increases -the computational extraction of a more obvious signal becomes harder. The approach described in this work is clearly ''ad hoc'' and hence not fully satisfactory. Apart from the fact that the analyses were largely performed ''manually'', one of the shortcomings is the fact that the utilized ''haplotype sharing score'', is not interpretable statistically per se. Evaluating the statistical significance of the observed sharing requires subsequent parametric and/or non-parametric analyses focusing on the identified regions. Another drawback is that the method as implemented is likely to be highly sensitive to genotyping errors. Genotyping errors will artifactually interrupt shared segments, potentially causing severe drops in the sharing scores. Finally, by allowing at most one phenocopy when searching for genome segments shared by cases we may have overlooked loci that might ultimately have yielded higher lod scores than the six loci reported in Table 1 . Thus, we cannot totally exclude that a linked locus might have been missed in this study as a result of one or more of these issues. There thus appears to be a need for the development of methods that take better advantage of high-density SNP genotypes for linkage analysis in complex pedigrees.
Despite these limitations, our findings are generally consistent with previous genome scans aimed at mapping loci that might underlie the high incidence of concomitant strabismus in large pedigrees available [4] [5] [6] [7] : there is very little if any evidence that familial forms of concomitant strabismus are determined by individually rare, highly penetrant mutations. Alternative explanations for the observed familial clustering are oligogenic and polygenic models. The oligogenic model assumes more than one, yet still a small number of loci that interact in such a way as to generate highly penetrant genotype combinations. It might be worthwhile to pool the data of multiple extended pedigrees available around the world to test such oligogenic models. The polygenic model, on the other hand, assumes that affected individuals carry common risk alleles with individually small effects at many loci. The addition of multiple such small effects results in a liability that exceeds a threshold value, thereby causing disease. Under this scenario, familial clustering would reflect the unusual concentration of many risk alleles in given families. Detection of the corresponding polygenes could be achieved by performing genome-wide association studies (GWAS) using highdensity SNP arrays in large case-control cohorts, and such studies are likely to be underway.
Methods

Ethical approval
The research proposal and experimental plan was approved by the Comité d'Ethique Hospitalo-Universitaire de Liège under number B707201317854. It included an informed consent form that was approved and signed by all participants.
DNA preparation and SNP genotyping
Saliva samples were collected using Oragene DNA (OG250) kits and genomic DNA extracted following the recommendations of the manufacturer. 200 ng of genomic DNA were used for SNP genotyping on HumanCNV370-Quad HD Infinium arrays using standard procedures.
Confirming sample identity and familial relationships
For all possible pairs of individuals we computed the proportion of autosomal SNPs with genotypes that would not be compatible with a parent-offspring relationship. The outcome was clearly bimodal. All comparisons with low exclusion rates corresponded to expected parent-offspring pairs. Remaining conflicting genotypes were attributed to genotyping errors and were ignored in subsequent haplotype-sharing analyses. The average rate of identity-by-state (IBS) across all SNPs for individuals II.1 and II.5 was within the range of rate of IBS observed for confirmed sibs within the pedigree, confirming that they are brothers.
Scanning the genome for haplotypes shared by cases
We searched for haplotypes shared by nine or eight cases and the obligate carrier (II.5) using the ASSDOM software that aims at detecting shared dominant haplotypes in a case-control setting [14] . To increase detection power, we first phased as many SNPs as possible using Mendelian rules, i.e. we assigned alleles to the paternal or maternal chromosome based on the genotypes of their parents. For individuals II.1 and II.5 (obligate carrier), phasing is only possible for the homozygous SNPs, as the deceased grandgrand-parents (generation I) were not genotyped. Thus for II.1 and II.5, the two homologous chromosomes have identical ''informative'' genotype. We then searched for chromosome segments for which the ''affected'' chromosomes, i.e. the chromosome predicted to carry the IBD dominant mutation (maternal for some, paternal for others; Fig. 1 ), might share the same haplotype. Such segments are flanked by excluded SNP positions for which affected chromosomes carry distinct alleles, say A vs B. Non-excluded segments were assigned a score which in this case simply reduced to log 10 P m i~1 p n where m corresponds to the number of SNPs defining the segment, p is the population frequency of the shared allele at SNP i, and n is the number of informative cases (i.e. with phased genotype at the corresponding SNP). Allelic frequencies, p, were estimated from the available non-affected ''control'' chromosomes. To identify segments shared by the obligate carrier (II.5) plus eight of the nine affected individuals we performed the corresponding analysis five times separately, excluding respectively individuals III.9, IV.5, IV.22, IV.23, IV.26. The location score at a given map position (reported in Fig. 2) , corresponded to the best score obtained across the five analyses. Recombination breakpoints (i.e. haplotype boundaries) were identified by manual examination of the SNP genotypes.
Estimating the expected number of haplotypes shared by cases
We simulated the random segregation of the four grand-grandpaternal genomes in the studied pedigree and particularly to the nine affected individuals and single obligate carrier. The genome was assumed to comprise 22 autosomes with genetic lengths according to [15] . The genome was subdivided in one cM, independently recombining blocks, i.e. we ignored interference. Marker information was assumed to be perfect, i.e. the four grandgrand-parental chromosomes could be unambiguously distinguished from each other and from all other chromosomes in the population. We performed 10,000 simulations and computed the number of segments shared IBD (i.e. tracing back to one of the four grand-grand-parental homologues) by the obligate carrier and either the nine or eight of the nine affected pedigree members. This yielded an average of 1.3 segments shared IBD by the ten individuals, and 6.9 segments shared IBD by nine of the ten individuals. 95% confidence intervals were determined from the frequency distribution of simulations yielding 0, 1, 2... shared segments (Fig. 3A) .
Estimating the expected size of haplotypes shared by cases
The size of the haplotype shared by the n selected individuals is defined by the closest cross-over (CO) events that occur on the proximal and distal side of the causative mutation out of n meioses. We denote the distance (in Morgan) separating the causative mutation and the nearest out of n proximal CO event as m. P(m), i.e. the density function of m, can be derived from the realization that:
prob(mƒx)~ð The expected distance between the causal mutation and the closest of n distal recombination events will likewise be 1 n . As a consequence, the expected size of the shared segment will be 2 n .
Simulations perfectly agreed with theoretical predictions when accounting for the fact that the expected size of a haplotype that is shared fortuitously is halve that of a haplotype that is shared because it carries a causative mutation (Fig. 3B) . 95% confidence intervals for the size of the shared haplotype were deduced from the simulations.
Computing parametric lod scores using all individuals in the pedigree
To compute parametric lod scores at a given map position we calculated the likelihood of the data assuming that the locus determined phenotype (H1), as well as the likelihood of the data assuming that the locus did not influence phenotype (H0). For both hypotheses, the likelihood of the data, L, was computed as:
In this, i corresponds to one of the 22 genotyped members of the pedigree tracing back to grand-grand-parents I.2 and I.3. g i is the genotype with respect to the putative risk haplotype (h) of interest (identified with ASSDOM as described before), and is therefore either h+ or ++. P(g i ), the probability of g i , is therefore 0.5 for offspring of parents carrying the index haplotype (equal chance to be h+ or ++ if parent is h+), and 1 for offspring of parents that do not (genotype ++). Under H 1 ,P(ph i g i ) j is the penetrance (Pen) for affected individuals carrying the haplotype (h+), (1-Pen) for nonaffected individuals carrying the haplotype (h+), the phenocopy rate (Phe) for affected individuals without the haplotype (++), and (1-Phe) for non-affected individuals without the haplotype (++). Maximum likelihood values for Pen and Phe were directly counted from the data. Under H 0 , P(ph i g i ) j is the prevalence (Pre) of strabismus amongst genotyped relatives in the pedigree (i.e. 9/22), and (1-Pre) for unaffected individuals (irrespective of their genotype). The lod score, z, was computed as z~log 10 (L H1 =4L H0 ). The ''4'' in the equation reflects the fact that the 22 related pedigree members can share any of the four grand-grand-paternal haplotypes by chance (H0). To determine corresponding nominal p-values, we considered that 2 Ã z Ã ln(10) has a chi-squared distribution with one degree of freedom under H0. The corresponding lod score is parametric because it is determined by Pen, Phe and Pre, the parameters defining the genetic model.
Computing non-parametric lod scores using all individuals in the pedigree
This was achieved by determining the probability of the fortuitous association between risk haplotype (identified with ASSDOM as described above) and disease status, given the structure of the examined pedigree. To that end, we performed 10610 6 in silico ''droppings'' of a hypothetical mutation in the real genealogy, and classified the outcome of each dropping by (i) the number of informative affected individuals with the mutation (cases-T in Table 1 ), (ii) the number of informative affected individuals without the mutation (cases-NT in Table 1 ), (iii) the number of informative non-affected individuals with the mutation (non-affected-T in Table 1 ), and (iv) the number of informative non-affected individuals without the mutation (non-affected-NT in Table 1 ). By informative, we mean that their parent had to be heterozygous for the hypothetical mutation. We observed a total of 737 distinct segregation patterns including the six reported in Table 1 . We then sorted the corresponding segregation patterns by their frequency of occurrence. The statistical significance of a given pattern was then computed as the sum of the frequencies of all patterns that were as rare or rarer than the observed one. This approach is similar in principle to Fisher's exact test. To facilitate comparison with the literature and the parametric lod scores, we determined the value of z, such that 2 Ã z Ã ln(10) would yield the corresponding p-value when considered a chi-squared variable with one degree of freedom.
Determining genome-wide significant and suggestive lod score thresholds Following Lander & Kruglyak [16] , significant thresholds are expected to be exceeded by chance alone once every twenty genome-scans, while suggestive thresholds are expected to be exceeded on average once per genome scan. Thus the genomewide (i.e. accounting for the realization of multiple tests) p-value of a significant lod score is # 0.05 and of a suggestive lod score is # 0.37. To see the latter, a lod score that is not exceeded in 37% of genome scans is exceeded on average once per genome scan, as 0.37 = e 21 (assuming that such events are Poisson distributed). We know the nominal p-value of lod score values, as 2 Ã z Ã ln(10) is assumed to asymptotically have a chi-squared distribution with one degree of freedom under H 0 (see above). To determine the corresponding genome-wide p-value requires knowledge of the number of independent tests performed when scanning the genome. The above-mentioned simulations provide that estimate. Indeed, the probability that the nine cases + II.5 fortuitously share one of the four grand-grand-paternal alleles IBD at a specific locus is 4/2 10 = 1/256. The fact that the nine cases + II.5 share on average 1.3 grand-grand-parental alleles IBD anywhere in the genome tells us that the genome segregates as 256*1.3 = 333 independent segments. Thus, significant and suggestive nominal pvalues are ,0.05/333 = 0.00015 and ,0.37/333 = 0.0011, corresponding to lod scores of 3.12 and 2.31, respectively. Note that these thresholds are very similar to those suggested by Lander & Kruglyak [16] for ''lod score analysis in human'', namely 3.3 and 1.9, respectively.
